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ABSTRACT
This paper describes a wavelet based approach to derivative spectroscopy. The approach is utilized to select,
through optimization, optimal channels or bands to use as derivative based remote sensing algorithms. The approach is
applied to airborne and modeled or synthetic reflectance signatures of environmental media and features or objects
within such media, such as benthic submerged vegetation canopies. The technique can also applied to selected pixels
identified within a hyperspectral image cube obtained from an board an airborne, ground based, or subsurface mobile
imaging system. This wavelet based image processing technique is an extremely fast numerical method to conduct
higher order derivative spectroscopy which includes nonlinear filter windows. Essentially, the wavelet filter scans a
measured or synthetic signature in an automated sequential manner in order to develop a library of filtered spectra. The
library is utilized in real time to select the optimal channels for direct algorithm application. The unique wavelet based
derivative filtering technique makes us of a translating, and dilating derivative spectroscopy signal processing (TDDSSP®) approach based upon remote sensing science and radiative transfer processes unlike other signal processing
techniques applied to hyperspectral signatures.
Keywords: wavelets, imaging spectroscopy, derivative spectroscopy, reflectance spectroscopy, remote sensing,
environmental surveillance, hyperspectral remote sensing, environmental optics, water surface reflectance, target
detection, benthic habitat, environmental monitoring, image processing, algorithms, signal processing.

1. INTRODUCTION
The use of hyperspectral airborne, satellite or space station based high spectral resolution (hyperspectral) imagery to
water bodies (optically shallow or deep), terrestrial or submerged vegetative canopies (sparse or dense) have the
potential to derive bio-geophysical variables, useful for assessing the environmental quality and related safety of an
environment. Science based decision and policy making depends upon our ability to rapidly develop and apply
scientifically based techniques to environmental monitoring and surveillance data. This is particularly true when the data
are obtained from advanced multi-channel or hyperspectral sensing systems aboard fixed or mobile platforms. The same
is true for application of hyperspectral imagery to water resources management of marine, coastal and freshwater aquatic
systems. Central to rapid remote sensing surveillance assessments is the selection of the optimal channels or bands for
change, dysfunction, or stress detection (for example due to infection conditions, sediment or soil contamination or water
quality conditions). The selection of the optimal spectral channel or region of an electromagnetic spectrum or acoustic
spectrum is needed in order to improve operational advances of sensing systems used for environmental surveillance,
agriculture and earth system science management. For example, second derivative based imagery based upon higher
order derivative algorithms and resulting selected bands have been used to demonstrate new hyperspectral imagery and
signature processing techniques for data collected in the vicinity of Kennedy Space Center, Cape Canaveral, Florida1, 2 ,3.
The algorithms show potential for being used as the basis for either software based object libraries or being placed in
firmware as a hyperspectral “silicon strategy” for developing near real time scientifically based remote sensing
a
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algorithms. The practical application of these classes of scientifically based remote sensing algorithms to multi-channel
or hyperspectral imagery of submerged vegetative canopies in marine and coastal waters as well as for environmental
surveillance and monitoring has been reported and discussed recently2,3. It is believed the approach discussed above is
only limited to the quality of properly laibrated sensors and the resulting data in conjunction with ground validation
methods or potocols2, 3. Thus there is an imperative for properly calibrated sensor systems in order to reduce system
errors (which translate into detection errors (Type I and Type II), as well as the need to simulate or create synthetic
signatures and imagery in order to test our scientific understanding which is observable in the residuals between
predicted and observed signatures. The approach outlined above is considered to be far more superior to other popular or
“hyper” techniques4, 5, since the TDDS® wavelet technique is scientifically based upon detecting changes in the
fundamental radiative transfer processes of absorption and scattering which are readily observable in sensor signatures.
Figure 1 shows the approach the author has pioneered and applied to synthetic modeled signatures or signatures
collected from fixed or moving platforms. The same TDDS® signal processing approach thus provides a demonstrated
powerful technique for analyzing signatures from ground based spectroradiometers or hyperspectral imagery.

2. METHODS
A wavelet is defined here as a “filter window” that is applied to a signal (in this case the hyperspectral reflectance
signature). The wavelet described below is a “translating” and “dilating” type of wavelet. The filter width varies from a
very short filter to a very long filter automatically, and the filter can automatically moves across the signal, analyzing
only a small segment of the signal as it translates. These to wavelet features allow one to develop a signal processing
technique which can be applied to a signal of any length. The hyperspectral signal is an example of a discrete signal with
a defined length, which is used to characterize the continuous signal, e.g., the electromagnetic spectrum. The discrete
hyperspectral signature or signal is thus a discretely sampled approximation to the radiative transfer processes within a
medium. Thus, analytical or numerical solutions to the radiative transfer equation (RTE) can be used to generate
simulated spectra, signals or signatures and then these synthetic signals can be processed to derive analytically based,
wavelet based - remote sensing algorithms. In summary, one can summarize the above approach by stating the following
characteristics of the approach utilized in this research:
¾
¾
¾
¾
¾
¾
¾
¾
¾
¾
¾

A window or wavelet filter is shifted along the signal. At every position a new spectrum or signature is
calculated.
This process can be repeated many times with a slightly shorter (or longer) window (dilating) for every
new translation (translation) cycle. This process can be predefined with linear or nonlinear filter windows.
The result is the calculation and collection of a new spectrum or scaled signal representation of the
hyperspectral signal, with different bandwidth (filter window width) resolutions.
By using a fully scalable and modulated window one automatically solves the signal-cutting problem.
The wavelet analyses results in a collection or library of signature representations for each signature. One
can conceive this numerical process as a “multi-resolution” filtering analysis.
The wavelet transform can be calculated by continuously shifting a continuously scalable function over a
signal & calculating a correlation between a bio-geophysical variable. In this research the function has the
form of a first or higher order derivative estimator, and can be a linear or nonlinear derivative estimator.
For many such functions, the wavelet transform may not have an analytical form in (discrete space) so they
can only be calculated using numerical techniques. This is in fact useful when we operate on discrete
signatures.
Keep in mind many discrete wavelets are not continuously scalable and translatable but in this research,
they are scaled, translated and dilated in discrete repetitive (walking) steps.
One defines a derivative based scaling function in order to define the discrete wavelet filter characteristics
for each set of numerical computations which result in an optimized remote sensing algorithm.
In this research, higher order derivative scaling functions are defined and utilized for what we may call sub-band coding.
The objective of using the chosen scaling functions used in this research is not to reproduce a signal but to
perform correlations between the magnitude of the scaled wavelet function library and then correlating the
wavelet library for each signature against a bio-geophysical variable that the scaled signals estimate.
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Figure 1 below, is a simplistic conceptual approach describing the procedure developed and described by the author in
the above:

Pseudo Continuous Signal

Scaled Wavelet Signal

A
.

Result: The second derivative scaling function is used to calculate the
concavity or convexity of the pseudo continuous signal.

Signal PJwRte

Figure 1. The wavelet based filter window is applied to an electromagnetic or acoustic pseudo continuous signal measured by a
remote sensing system which yields a discrete multi-channel or hyperspectral signature library for each signature. The original
discrete signal is processed by a wavelet transform, in this case a numerical derivative estimator (linear, nonlinear and/or higher order
scaling function) in order to produce a new scaled wavelet signal with predefined dilating (bandwidth) and translating (movement
across the original signal) characteristics. The resulting technique yields a library of signatures or signals that have been processed and
this library is used to optimize the wavelet result centered along any point in the spectrum to a bio-geophysical variable of interest.

Figure 2. The above is a graphical representation of overlapping, translating and dilating wavelet spectra which results from scaling a
mother wavelet. (modified after Valens5). The x-axis is representative of the frequency or wavelength of the remote sensing signal or
signature. The y-axis is representative the remote sensing system calculated reflectance or albedo.

Figure 2 above is a graphical representation of a wavelet defined by any of the ψ i . The wavelets or “filter windows” can
be conceived as a band-pass filter. Thus, a series of translating & dilating wavelets along a remote sensing signature or
multi-channel signal can be conceptualized as making a library or bank of “filters” of various bandwidths centered at λi
with dilating bandwidths ∆ i , defined by: ∆ i = λ i - m to λ i + n where m , n define the discrete signal forward and
backwards operators for each characteristic wavelet depicted above. In this research, the scaling function is represented
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by a nonlinear higher order derivative estimator1. The general approach of utilizing the derivative spectroscopy window
described above has benn by Bostater1, 2, 3, 4. The results shown in the next section are applied to various hyperspectral
remote sensing pixels obtained from hyperspectral airborne remote sensing imagery as well as synthetic or modeled
signatures shown below. Figure 3 shows the airborne hyperspectral scenes collected from a motion controlled or
stanilized sensor (AISA) flown on a low flying helicopter during the summer of 2003. The image is taken of the
Sebastian Inlet region of Space Coast Florida, south of the Florida Institute of Technology. The goal of this research was
to develop a remote sensing protocol for routine monitoring and surveillance of submerged aquatic vegetation (SAV), a
dominant submerged benthic feature in the Indian River Lagoon, a shallow water estuary along the Atlantic Coast of
Florida. The flight line shown in this figure represents the display of 3 channels from a hyperspectral cube derived from
what is the author considers to be one of the best modern hyperspectral imaging systems commercially available today
and built by SPECIM, a company based in Finland. This transmission based diffraction grating spectrograph used in the
airborne system is widely used around the world in many environmental monitoring and surveillance applications as
well as being primarily used by industry for industrial inspection applications. Figure 4 shows the area flown on day 1
of a mission covering the entire stretch of the lagoon, and which lasted for several days. Figure 4 also shows the unique
benthic transects with the identifiable 1 m2 targets developed as part of the ground validation portion of the protocol.
Figure 5 shows a resulting flight line for flight line 15 and benthic transect 19 shown below.
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Figure 3. Flight lines during day 1 of an airborne hyperspectral remote sensing monitoring program during the summer of 2004,
established to develop a protocol for hyperspectral sensing and environmental monitoring and surveillance of submerged aquatic
vegetation of shallow water aquatic benthic habitats. An RGB image of the lower flight line is shown and the transect used for
selection of signatures for analysis.
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Figure 4. The upper nine images show the benthic transects between the white targets (1 m2)used to identify the GPS positions with
cm accuracy for image for rectification and registration comparisons. The lower left image shows the location of transects within the
coastal shallow water inlet area. The right bottom image shows typical spectra obtained from the hyperspectral camera system.
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Figure 5. The upper RGB image from flight line 15 is shown above (see Figure 3 above (lower flight line) for the location). Pixels
where hyperspectral signatures were selected for band selection (long the benthic bottom transect number 19), are shown in the grid
image (lower left). The selection of transect locations requires transects to be located or selected with high to low densities of
submerged vegetation as indicated in the lower right hand panel above, and as indicated in Figure 4 above. Flights were made during
the summer of 2004.
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Signatures were selected along the submerged aquatic grass benthic transects as indicated in the representation shown in
the color grid image in Figure 5. The approximate 1 m2 pixels which were within the 30 m x 3 meter biophysical benthic
transects2,3 were then used in the optimal band selection. Signatures at these locations corresponded to the ground-based
measurements described by Bostater et al.2, and in a companion paper3 in this publication. The protocol we developed
for future flights which utilize the methods described above requires the selection of transects where the bio-geophysical
variables along a transect represent high to low values of an ordinate variable such as per cent sea grass coverage, or
densities measures of specific benthic species as discussed in previous papers6,7. The application of the wavelet analysis
using a nonlinear higher derivative estimator described previously by Bostater8 allows one to present the results as a
scaled hyperspectral wavelet spectrum as shown below. The results also show the application f the technique to modeled
water quality indicators using signatures obtained from wavelet based derivative spectroscopy methods discussed above.

0
400

Figure 7. Representative scaled reflectance signatures (400-750 nm) selected along submerged aquatic vegetation transects. The water
surface reflectance signatures measured with the airborne hyperspectral system clearly shows the chlorophyll absorption minimums
within the mid 470 nm spectral region and the 680 nm spectral region. The shallow water vegetation canopies which are near the
water surface, have a maximum peak near the 700 nm red edge which is typical of terrestrial vegetative canopies due to chlorophyll
induced fluorescence. The maximum reflectance peak near 540 nm is due to backscattering of particulate matter in the water column
as well the vegetation canopy. These airborne spectral are very similar to the spectra obtain from shipboard measurements in estuarine
and near coastal waters6, 7. The peak at or near 690-700 nm disappears as the water overlying the submerged canopy increases.
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3. RESULTS
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The application of the wavelet based (TDDS®) technique developed by the author for optimal imaging spectroscopy
(OIS®)1 to reflectance signatures taken from hyperspectral image cubes allows once to present the results in the form
previously described as optimal passive ambient correlation spectroscopy1. The wavelet scaling functions used in this
study allows one to obtain 3 or 6 band remote sensing algorithms. These optimized algorithms can be applied to airborne
hyperspectral image cubes of the water surface reflectance. Figure 8 shows resulting output spectrum obtained
translating and dilating the wavelet filter window method. This figure also shows the optimal translated channel
(channel, wavelength or spectral regions) which have been correlated sing a general linear model (GLM) to the biogeophysical variable (% seagrass coverage) plotted with respect to the optimally selected and correlated scaled wavelet
library. The figure also represents the optimal algorithm not only with respect to the centered translating wavelength or
channel, but also with respect to the wavelet filter window size or offset (m, n) referenced in the preceding section.
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Figure 8. (right) The computationally efficient six channel wavelet signal processing algorithm resulted in a wavelet based correlation
spectrum as a function of the hyperspectral channels centered at a specific wavelength. The optimal spectral region was shown to be
near the 600 nm spectral region (with a wavelet filter window). The optimal scaled values (left) are selected from the library and
plotted versus the in-situ transect 1 m2 measured percent submerged vegetation area from actual ground measurements made the same
day the airborne sensor system was flown over the study area described above. The optimal channels selected by the scaled higher
order derivative were near 560, 565, 585 nm and 501, 650, and 675 nm. These channels characterize the spectral shape and slope of
the reflectance signals shown in figure 7 above.

As indicated previously, the optimal band selection technique can be used to operate upon synthetic hyperspectral
signatures derived from radiative transfer models6, 7, 8, 9, 10. When the band selection technique is applied to modeled
signatures, the results represent, in essence, a hyperspectral imaging spectroscopy inversion solution.
Figure 9 shows the results of applying the TDDS® technique to modeled signatures in order to obtain remote sensing
algorithms for a water quality indicator – chlorophyll-a. This figure shows that the nonlinear second order wavelet
transform “discovers” a highly nonlinear relationship for estimating in-situ chlorophyll-a (ugL-1) representative of
relative shallow water bodies (10 m) with concentrations ranging from 0.1 to 0.65 ugL-1 chlorophyll-a concentrations.
This result demonstrates not only a unique application of modeled signatures, but how these types of bio-geophysical
environmental quality indicators can be optimally estimated and algorithms tested for remote sensing research and
applications in environmental monitoring and surveillance of aquatic environments and water body areas such as harbors
and ports.
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Figure 9. Radiative transfer equation (RTE) based hyperspectral signatures used to estimate optimal bands using the
wavelet derivative transform and scaled values when chlorophyll-a concentrations are varied from 0.1 to 65 ugL-1 in a
hypothetical water column of 10 m. The optimal bands selected show the possibility to estimate this in-situ water quality
variable using a scientifically based spectroscopy algorithm. Note the change in relation at very low modeled
chlorophyll-a concentration levels. These results help to demonstrate the environmental complexity in detecting benthic
features. Benthic features are obscured by water quality parameters and approaches such as the above are needed in
order to help monitor complex aquatic environments.

4. SUMMARY & CONCLUSIONS
The above results demonstrate the application of an airborne remote sensing protocol which includes analysis
of airborne hyperspectral remote sensing signatures using a wavelet based signal processing method. This method allows
one to select optimal bands or channels for estimating bio-geophysical variables from hyperspectral image cubes using a
translating and dilating scaled wavelet based upon derivative spectroscopy (TDDS®). The technique is a fast, efficient
numerical approach. When applied to submerged aquatic vegetation estimation of percent aerial coverage, the method
allows one to estimate spectral channels for GIS mapping purposes of this economically important benthic habitat. The
spectral regions identified in this paper are scientifically based since they utilize and describe the major absorption and
backscattering shapes of the spectral characteristics of SAV canopies in shallow waters. The information reported here
is not intended to be used by environmental resource managers to apply to other “simple camera” or RGB images,
specifically simple RGB cameras, or other less sophisticated airborne hyperspectral system wis commercially available,
with less spectral and greater spatial resolution or with porrer radiometric and digital resolution. It is critical for users of
this methodology to realize the extreme importance of utilizing properly calibrated hyperspectral systems when utilizing
this method or any other methods where repeatable results are needed for policy and decision making purposes.
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